Introduction
For optical fiber communication, GaAs-based photodetectors (PDs) have attracted much attention due to the high yield and low cost. However, it is a difficult task since the lack of suitable absorption material that can be coherently grown on GaAs substrate. For example, it has been shown that one can realize such devices by various techniques such as metamorphic growth of InGaAs [1] , low-temperature InGaAs [2] , and introducing deep-level impurities [3] . Up to date, it is promising to use quantum-dot (QD) material grown through strained layer epitaxy of InGaAs on GaAs substrates [4] , but device characteristics still need to improve. Several techniques are used to improve the device characteristics. Antireflection (AR) coating is usually used to improve the responsivity and detectivity. In this paper, we demonstrate a novel photonic crystal structure used for AR coating. The In 0.5 Ga 0.5 As/GaAs QD PIN PDs using AR PC shows improved photo current and responsivity.
Experiment
The QD PIN PD samples were grown on (100) n + -GaAs substrates by metal-organic chemical vapor deposition (MOCVD). The PD structure consisted of a 0.5-µm-thick GaAs buffer layer, a 1.7-µm-thick n-doped Al 0.3 Ga 0.7 As cladding layer, twenty stacked 2.7-monolayer (ML)-thick undoped In 0.5 Ga 0.5 As QD layers separated by 13nm GaAs barrier layers, a 1.7-µm-thick p-doped Al 0.3 Ga 0.7 As cladding layer, and a 0.4-µm-thick p-doped GaAs contact layer. The typical density of QDs was approximately 2.3 10 9 cm -2 as measured by atomic force microscopy (AFM). The QD PIN PD samples used in this study had circular mesas with a diameter of 900µm, fabricated by standard photolithogaphy and wet etching technique. The Au-Zn and Au-Ge-Ni metals were deposited as the front and back contacts respectively. The polystrene nanospheres with a diameter of 500nm were spin-coated on the surface of the PDs as an AR PC. A schematic diagram of the PC QD PIN PD structure is shown in Fig. 1 .
The current-voltage (I-V) characteristics of the QD PIN PDs were also measured both in dark and under illumination by a Keithley 4200 semiconductor parameter analyzer. For spectral responsivity measurements, a 200W halogens lamp and a monochromator were used. The monochromatic light was collimated onto the QD PIN PD samples using an optical fiber. Fig. 2 shows scanning electron microscopy (SEM) image of the two-dimensional (2D) PC. According to Fig. 2 , the 2D PC is formed by the hexagonal close packed monolayer of nanospheres. Compared with the 2D PCs in the form of holes or rods [5] , the 2D PC in the arrangement of nanospheres has no photonic bandgap and no spectral selectivity. This kind of 2D PC is just like the surface grating, and we called it "AR PC." Therefore, AR PC can effectively decrease the reflectivity of the incident light and increases the transmitted photons. Fig. 3 shows the reflectivity of the QD PIN PDs with and without AR PC. The reflectivity of the PC QD PIN PDs is significantly lower than that of the QD PIN PDs. Especially at the wavelength from 1050nm to 800nm, the reflectivity of the PC QD PIN PDs is gradually decreases from 26% to 17%. Therefore, it evidenced the 2D PC structure used in this study has no spectral selectivity and so as to the photonic band gap. The photo and dark I-V characteristics of the QD PIN PDs with and without AR PC are shown in Fig. 4 . With 10V applied bias, it was found the photo currents were 3.5 10 -6 A and 2 10 -6 A for the QD PIN PDs with and without AR PC respectively. Due to antireflection effect caused by the 2D PC, the photo current increases 2.3~1.75 times at the range of the 0V~10V bias voltage. On the other hand, using the 2D PC structure also helps to suppress the dark current. Under the 10V applied bias, it was found the dark currents were reduced from 6.3 10 -7 A to 2.1 10 -7 A. It is probably due to colloidal nanospheres passivate the surface states of the PDs. 
Results and discussion

Conclusions
The In 0.5 Ga 0.5 As/GaAs QD PIN PDs with AR PC have been successfully fabricated. Nanospehres deposited by spin coating were used for AR PC of the QD PIN PDs. The simple deposition can improve the device characteristics. The well-improved photo current and suppressed dark current were observed in the PC QD PIN PDs. Furthermore, it was found the responsivity can be improved by the PC antireflection coating and exhibits sharper cutoff.
